It is widely recognized that the phenotype of familial hyperkalemic hypertension is mainly a consequence of increased activity of the renal Na + -Cl 2 cotransporter (NCC) because of altered regulation by with no-lysine-kinase 1 (WNK1) or WNK4. either by low chloride hypotonic stress or coinjection of oocytes with the solute carrier family 26 (anion exchanger)-member 9 (SLC26A9) cRNA, promoted WNK4 autophosphorylation and increased NCC-dependent Na + transport in a WNK4-dependent manner. Substitution of the leucine with phenylalanine at residue 322 of WNK4, homologous to the chloride-binding pocket in L-WNK1, converted WNK4 into a constitutively autophosphorylated kinase that activated NCC, even without chloride depletion. Elimination of the catalytic activity (D321A or D321K-K186D) or the autophosphorylation site (S335A) in mutant WNK4-L322F abrogated the positive effect on NCC. These observations suggest that WNK4 can exert differential effects on NCC, depending on the intracellular chloride concentration.
(NCC) because of altered regulation by with no-lysine-kinase 1 (WNK1) or WNK4. The effect of WNK4 on NCC, however, has been controversial because both inhibition and activation have been reported. It has been recently shown that the long isoform of WNK1 (L-WNK1) is a chloride-sensitive kinase activated by a low Cl -concentration. Therefore, we hypothesized that WNK4 effects on NCC could be modulated by intracellular chloride concentration ( either by low chloride hypotonic stress or coinjection of oocytes with the solute carrier family 26 (anion exchanger)-member 9 (SLC26A9) cRNA, promoted WNK4 autophosphorylation and increased NCC-dependent Na + transport in a WNK4-dependent manner. Substitution of the leucine with phenylalanine at residue 322 of WNK4, homologous to the chloride-binding pocket in L-WNK1, converted WNK4 into a constitutively autophosphorylated kinase that activated NCC, even without chloride depletion. Elimination of the catalytic activity (D321A or D321K-K186D) or the autophosphorylation site (S335A) in mutant WNK4-L322F abrogated the positive effect on NCC. These observations suggest that WNK4 can exert differential effects on NCC, depending on the intracellular chloride concentration. Essential hypertension is a major risk factor for mortality worldwide. Salt reabsorption by the kidney plays a central role in its development. All monogenic diseases featuring high or low blood pressure are caused by mutations in genes encoding the renal salt transporters or their regulatory pathways. 1 [2] [3] [4] [5] [6] [7] However, evidence for WNK4-induced NCC activation has also been documented. 8, 9 In this regard, the WNK4 inhibitory effect could be reversed by angiotensin II, 10 suggesting that WNK4 inhibitory and activating effects may coexist and be modulated by the renin-angiotensin system. 8, 10 A reduction of [Cl -] i is associated with increased activity and phosphorylation of NCC 11 by Ste20-related proline-alanine rich kinase (SPAK), 12 which in turn is modulated by WNKs. 13 It has been suggested that WNKs behave as chloride-sensitive kinases. 14 Therefore, we hypothesized that [Cl - ] i could modulate the effect of WNK4 toward NCC, potentially explaining the dual effect of the kinase.
To test this hypothesis, the functional activity of NCC was assessed in oocytes exposed to control conditions or low chloride hypotonic stress (LCHS) that is known to increase NCC phosphorylation and activity. 11, 12 Coinjection of NCC and mouse WNK4 cRNA resulted in a slight but significant decrease in NCC-mediated Na + uptake. LCHS induced a significant increase in NCC activity, which was further enhanced by coexpression with either mouse or human WNK4 ( Figure 1, A 15 using an identical LCHS protocol. 16 We next assessed how time of exposure to LCHS altered the regulation of NCC by WNK4 because previous observations have shown that [Cl -] i slowly decreases under these conditions. 16 One hour of LCHS had no effect on Na + uptake in oocytes injected with NCC alone, whereas 16 hours resulted in a significant increase ( Figure 1D ). In contrast, WNK4 expression led to a significant activation of NCC Functional expression assay shows the thiazide-sensitive Na + uptake in groups of oocytes injected with NCC cRNA alone or together with mouse WNK4 or human WNK4 cRNA, as stated. Uptake was performed in control conditions (white bars) or after 16 hours of LCHS (gray bars) (see Supplemental Material). *P,0.01 versus same group in control conditions. **P,0.05 versus NCC in LCHS. n=13. (B) Uptake in oocytes injected with NCC alone, in control conditions (white bars) or LCHS (gray bars), was arbitrarily set to 100%, and the corresponding groups were normalized accordingly. *P,0.01 versus any group in control conditions and versus NCC in LCHS. Figure 1E ). As a consequence, NCC activity was increased, and this effect was dramatically potentiated by WNK4 ( Figure 1F ).
Activation of NCC under LCHS is associated with increased phosphorylation of key residues in the amino-terminal domain. 11, 12 To determine if the catalytic activity of WNK4 is required for NCC activation in these conditions, we used the catalytically inactive mutant WNK4-D321A. 13 This mutant not only prevented the activation of NCC by WNK4, but it also decreased its activity below the level of oocytes injected with NCC alone in LCHS (Figure 2A ). Because our previous experiments suggested basal NCC activity relies on the endogenous long isoform of WNK1 (L-WNK1), 18 these results suggest WNK4-D321A may prevent the effect of endogenous L-WNK1 during LCHS.
Piala et al. 19 showed that L-WNK1 autophosphorylation and activity is inhibited by [Cl - ] i , therefore demonstrating that L-WNK1 is a chloride-sensitive kinase. They identified two leucine residues, conserved among WNKs, in the catalytic domain of L-WNK1 (L369 and L371) that serve as the Cl -binding site. To test whether these residues display the same function in WNK4, we replaced the homologous residues (L322 and L324) by phenylalanine (WNK4-L322F, WNK4-L324F, and the double mutant WNK4-LL-FF). WNK4-LL-FF induced a remarkable activation of NCC in control conditions ( Figure 2B ). Mutation of L322 alone resulted in a greater increase in NCC activity, similar to what was observed for WNK4 in LCHS. Moreover, the activation of NCC by WNK4-LL-FF is kinasedependent. The introduction of the D321A or the double-charge D321K-K186D mutations in WNK4-LL-FF not only prevented the activation of NCC, but also abolished most of its activity ( Figure 2B ). Therefore, elimination of the Cl -binding site turned WNK4 into a constitutive activator of NCC, in a kinase-dependent manner. This was further confirmed by analysis of NCC phosphorylation. 12 WNK4-LL-FF and WNK4-L322F stimulated NCC phosphorylation on all three residues tested, whereas WNK4-LL-FF-DA completely prevented it (Figure 2, C and D) .
To analyze the effect of [Cl - ] i on WNK4 activity, we determined the autophosphorylation status of serine residue S335, known to be required for WNK activation. According to Piala et al., 19 phosphorylation of L-WNK1 homologous serine Oocytes were incubated in the control solution or LCHS for 16 hours before the measurement of Na + uptake. Uptake in oocytes injected with NCC alone and incubated in control or LCHS was arbitrarily set to 100%, and the NCC plus WNK4 or NCC plus WNK4-D321A groups were normalized accordingly. *P,0.05 versus NCC corresponding control. n=3. (B) Uptake in oocytes injected with NCC alone was arbitrarily set to 100% (white bar), and the rest of the groups were normalized accordingly (as stated, WNK4-LL-FF is the blue bar, WNK4-L322F is the green bar, WNK4-L324F is the orange bar, and WNK4-LL-FF-DA and WNK4-LL-FF-DKKD are the red bars). These series of experiments were performed in control conditions only. *P,0.01 versus NCC alone. n=6. (C) Representative Western blot showing the effect of wild-type or mutant WNK4, as stated, on NCC expression and phosphorylation in control conditions. Blot shows WNK4, pNCC, NCC, and actin expression, as stated. WNK4 is present only in oocytes injected with wildtype or mutant WNK4. (D) Densitometric analysis of data compiled from five different experiments. NCC basal phosphorylation (white bar) was arbitrarily set to 100% and the corresponding groups were normalized accordingly (as stated, WNK4 wild-type (black bar), WNK4-LL-FF (blue bar), WNK4-L322F (green bar), WNK4-L324F (orange bar) and catalytically inactive WNK4-LL-FF-DA (red bar). *P,0.05 versus NCC.
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Chloride Sensitivity of WNK4 (S382) is modulated by chloride. No phosphorylation of WNK4 was observed in control conditions, whereas it became evident in oocytes challenged with LCHS ( Figure 3, A and B) . The phosphorylation level of L-WNK1 S382 was also increased by LCHS, whereas it was similar in both conditions for WNK3 S308 ( Figure 3C ). Interestingly, WNK4-L322F was strong in basal conditions and was not affected by LCHS ( Figure 3 , D and E). These findings suggest WNK3 and WNK4-L322F are less sensitive to [Cl -] i than L-WNK1 and WNK4. Supporting that phosphorylation of WNK4-S335 is required for NCC activation; mutation of this residue to alanine in WNK4-LL-FF and WNK4-L322F abrogated their effect on NCC ( Figure 3F) .
Soon after the recognition that mutations in WNK4 cause familiar hyperkalemic hypertension, 20 it was reported that WNK4 reduces the activity of NCC in Xenopus laevis oocytes and mammalian cells. [2] [3] [4] [5] [6] 21 Animal models supported the in vitro observations because overexpression of WNK4 in transgenic mice resulted in decreased expression and phosphorylation of NCC. 7 However, one study reported increased NCC activity by human WNK4 in Xenopus oocytes, 22 and inactivation of WNK4 in mice resulted in a reduced NCC phosphorylation and expression. 8 Moreover, both parameters were increased in a new model of WNK4 overexpression in mice. 9 Therefore, there is evidence in vitro and in vivo for both inhibition and activation of NCC by WNK4.
Here we present data indicating that WNK4 is a chloride-sensitive kinase, potentially explaining the dual effects of WNK4 on NCC. In the presence of high Cl -concentrations, WNK4 is inactive and may reduce basal activity of NCC by its inhibiting interaction with L-WNK1 and WNK3. 18, 21 When [Cl -] i is low, WNK4 phosphorylation, and therefore activity, is stimulated, thereby activating the cotransporter (Figure 4) . Our results suggest a similar mechanism to the one proposed by Piala et al. 19 is probably involved in the switch of WNK4 behavior.
The apparent median inhibitory concentration of Cl -(IC 50 ) for L-WNK1 is 20 mM. In oocytes and HEK293 cells, [Cl -] i is around 40-50 mM, 16, 17, 23 therefore allowing partial activity of L-WNK1. This is consistent with our recent observation that basal NCC activity in oocytes and HEK293 cells depends on endogenous L-WNK1. 18 The increased NCC activity induced by LCHS in oocytes injected only with NCC is most likely caused by enhanced endogenous L-WNK1 activity. Coinjection of oocytes with SLC26A9 reduces [Cl -] i to approximately 30 mM, 17 leading to activation of NCC without LCHS. In oocytes in basal conditions, the most potent activator of NCC is WNK3, 24 followed by L-WNK1, 18 whereas WNK4 may inhibit or have no effect on its basal activity. This difference in WNKs activity toward NCC could be a function of their sensitivity to chloride. 18 30 (B) Densitometric analysis of compiled results from six different experiments. Phosphorylation level of WNK4 in control conditions was arbitrary set to 100% (white bar), and the phosphorylation status in LCHS was normalized accordingly (gray bar). *P,0.05 versus control (Wilcoxon signed-rank test). (C) L-WNK1 and WNK3 autophosphorylation at S382 and S308, respectively, in control and LCHS conditions, as stated. The upper blot depicts phospho-WNK, and the lower blot shows the total amount of L-WNK1 or WNK3 as detected using anti-Myc antibody. Original image was cropped to eliminate empty lanes and show the L-WNK1 and WNK3 lanes only. (D) Representative Western blot of phospho-WNKs (WNK3, WNK4, or mutant WNK4-L322F), total WNKs, phospho-NCC, NCC, and actin in control conditions and after LCHS, as stated. (E) Densitometric analysis of compiled results from six experiments for WNK4: three for WNK3, three for WNK4-L322F, and two for L-WNK1. White bars depict phosphorylation status in control conditions arbitrarily taken as 100%, and gray bars depict the phosphorylation status in LCHS, as normalized for its corresponding white bar. *P,0.05 versus control (Wilcoxon signed-rank test). (F) NCC activity in oocytes injected with mutant WNK4-LL-FF, WNK4-L322F, WNK4-LL-FF-S335A, or WNK4-L322F-S335A, as stated. Uptake in oocytes injected with NCC alone was arbitrarily set to 100%, and the corresponding groups were normalized accordingly. These series of experiments were performed in control conditions only. n=4. *P,0.001 versus corresponding group without S335A substitution.
Further experiments are required to define the IC 50 for each WNK. In this regard, the regulation of WNK4 activity by angiotensin II and [Cl -] i may be linked because angiotensin II promotes the opening of chloride channels, 25 which would result in a decreased [Cl -] i . Moreover, a recent study suggests the reduced activity of NCC in EAST/SeSAME syndrome results from Kcnj10 mutations that inhibit basolateral K + conductance, reducing the chloride exit from the cell. 26 [Cl -] i of distal convoluted tubule cells ranges from 14 to 20 mM. [27] [28] [29] 
CONCISE METHODS

Mutagenesis and Constructs
All mutant WNK4 constructs were generated by site-directed mutagenesis, and their sequence was checked by automatic DNA sequencing.
Functional Expression of NCC
Our institutional committee on animal research approved the use of X. laevis frogs. The functional expression of NCC was assessed in X. laevis oocytes microinjected with NCC cRNA alone or together with wild-type WNK4, SLC26A9, or mutant WNK4. Two days later, the thiazide-sensitive 22 Na + uptake was assessed in oocytes exposed to control conditions or to LCHS, following our previously published protocol. 11 In brief, the night before the uptake assay, groups of oocytes were incubated in two different osmolar conditions: isotonic (ND96, 210 mosm/kg H 2 O) or low Cl -hypotonic stress (Cl --free 170 mosm/kg H 2 O). Then, tracer 22 Na + uptake was assessed in oocytes exposed to isotonicity using our usual isotonic uptake solution or NaCl containing hypotonic uptake medium (see Supplemental Material for details).
Measurement of Intracellular Chloride Concentration
Intracellular chloride concentration was assessed using ion selective microelectrodes. 
Statistical Analysis
The significance of the difference between the two groups was tested with t test and for three or more groups by one-way ANOVA with multiple comparisons with Bonferroni correction, using GraphPad Prism version 6.00 for Mac (GraphPad Software, San Diego, CA).
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